espite intense studies, questions still remain regarding the molecular mechanisms leading to the development of hereditary breast and ovarian cancers. Research focused on elucidating the role of the breast cancer susceptibility gene 1 (BRCA1) in the DNA damage response may be of the most critical importance to understanding these processes. The BRCA1 protein has an N-terminal RING domain possessing E3 ubiquitinligase activity and a C-terminal BRCT domain involved in binding specific phosphoproteins. These domains are involved directly or indirectly in DNA double-strand break (DSB) repair. As the two terminal domains of BRCA1 represent two separate entities, understanding how these domains communicate and are functionally altered in regards to DSB repair is critical for understanding the development of BRCA1-related breast and ovarian cancers and for developing novel therapeutics. Herein, we review recent findings of how altered functions of these domains might lead to cancer through a mechanism of increased aberrant homologous recombination and possible implications for the development of BRCA1 inhibitors.
Introduction
Breast cancer is an inherited disease in 5-10% of all cases, while the remaining are sporadic in nature. 1 Of the hereditary type, 40-45% of cases are linked to the breast cancer susceptibility gene 1 (BRCA1). 1, 2 BRCA1 is involved in a multitude of cellular functions, including homologous recombination (HR) and BRCA1-directed, enhanced and aberrant homologous recombination Mechanism Ubiquitylation is now known to regulate many of the processes involved in DNA repair and, in particular, those associated with BRCA1 (reviewed in ref. 5 ). BRCA1's RING domain acts in concert with BRCA1-associated RING domain 1 (BARD1) as an E3 ubiquitin-ligase. For example, BRCA1 directly ubiquitylates its BRCT binding partner CtIP, 6 while another partner, RAP80, binds ubiquitin-modified proteins at DNA double-strand breaks (DSBs). [7] [8] [9] In addition, a recent study showed that BRCA1 maintains heterochromatin structure by ubiquitylating histone H2A, which modulates DSB repair and possibly suppresses genomic instability and tumorigenesis. 10 Therefore, it is somewhat surprising that the BRCA1 synthetic RING domain mutant I26A, which specifically abrogates BRCA1 ubiquitin-ligase activity without disrupting BARD1 binding, was reported not to affect tumorigenesis and DSB repair. [11] [12] [13] The BRCA1 BRCT domain is known to bind at least three phosphoproteins [Abraxas-RAP80, BRIP1 (also known as BACH1 or FANCJ) and CtIP, referred to as the A, B and C complexes] that have unique S-X-X-F motifs phosphorylated on the S residue, with all involved in DSB cancer. However, there is a new and growing literature suggesting that the disruption of specific BRCA1 protein complexes instead increases DNA resection, resulting in elevated HR, 22 which is likely to be aberrant and lead to increased genomic instability (reviewed in ref. 23) . Two reports examined the effects of silencing BRCT-interacting proteins, while a third examined the effect of mutating the binding pocket of the BRCT domain to prevent these interactions, with all reaching similar conclusions. [24] [25] [26] Silencing Abraxas, RAP80 or the BRCC36 deubiquitinase, all part of the A complex, resulted in increased or hyper-HR (HHR). Similarly, synthetic (K1702M) and naturally occurring (M1775R) mutants of BRCA1 that disrupt most, if not all, BRCT pS-X-X-F-binding interactions also resulted in aberrant HHR. On the other hand, silencing BRCA1, BRIP1 or CtIP resulted in decreased HR, suggesting that HHR is dependent on the presence of BRCA1, and that the disruption of interactions within the BRCA1-A complex is the critical step resulting in these effects. 24, 25 Together, these three reports concluded that disruption of BRCT interactions, whether resulting from mutations in the BRCT domain or from specifically preventing the A complex from binding to the BRCT domain, resulted in HHR [24] [25] [26] ( Fig. 1A  and C) . Other results from these reports are in line with HHR; both RAD51 and RPA were associated with repair foci at abnormally high and persistent levels, suggesting that DNA resection at DSBs was extensive. Direct measurements of DNA resection using ChIP and BrdU analyses were in line with this idea. 24, 26 In addition, overexpression of RAD51 and RPA was observed by immunohistochemistry in malignant regions of a breast cancer tissue sample with the M1775R mutation but not in other samples with different BRCA1 mutations, suggesting that HHR is also observed in patients harboring this mutation. 26 Interestingly, while normal HR was not affected by BRCA1 I26A, in line with recent reports in references 11-13 ( Fig. 1A and B) , combining this mutation with K1702M led to the abrogation of HHR and the concomitant reduction in BRCA1 complex ubiquitylation 26 ( Fig. 1C  and D) . On the other hand, NHEJ was synthetic molecules designed to bind BRCA1 to prevent specific protein interactions for therapeutic and diagnostic purposes.
Mechanism of BRCA1-Directed, Enhanced and Aberrant Homologous Recombination
Until recently, it was believed that mutations in the BRCA1 BRCT domain lead to reduced HR, resulting in genomic instability and, ultimately, the development of repair. [7] [8] [9] [14] [15] [16] [17] [18] [19] The B complex is involved in the process of lesion bypass during DNA replication, although its precise role is still unclear. 20, 21 The roles of the A and C complexes in G 2 /M checkpoint control and DNA end resection at DSBs, respectively, have been defined in more detail. 9, 16, 18, 19 In this perspective, we will focus on reviewing recent findings that have examined how the disruption of specific BRCA1 BRCT protein interactions increases HR. We will also discuss the implications of these findings for the development of 11,26 (C) Certain mutations in the BrCt binding pocket that disrupt interactions with phosphoproteins, or silencing of the BrCA1 A complex, results in aberrant, hyper-Hr (HHr). [24] [25] [26] (D) Mutations in both the riNG and BrCt domains diminish HHr, suggesting a dependence of ubiquitinylation specifically in HHr but not in Hr. 26 ↑, increase; ↓, decrease; ↔, no change; ?, unknown; *, no effect 24, 26 or decreased 25 NHeJ.
be sequestered in nuclear compartments to limit their adverse impact. An indication of this scenario taking place is the finding that I26A reduced K1702M-induced HHR to normal levels, suggesting that HHR depends on the BRCA1 ubiquitin-ligase. 26 Altogether, based on these findings, we suggest that the expression of M1775R or K1702M results in the loss of a critical deubiquitination step late in the repair process, leading to stalled repair in a nuclear compartment associated with PML-NBs resulting in HHR (Fig. 2) . It is tempting to speculate that this putative deubiquitinase is BRCC36, which is associated with the A complex. 34 However, caution should be exercised in interpreting results from various systems and cell-based assays, as HHR with BRCT mutants has so far only been observed in human cells with correlative findings from limited breast cancer tissues. 26 Murine models did not show any effect of BRCA1 I26A on tumorigenesis, and HHR has so far not been shown to Despite earlier reports suggesting that Abraxas-RAP80 is critical early in the recruiting phase of BRCA1 to DSBs, 7-9 all three recent studies suggested that HHR occurred because of abnormal processing late in the recombination process. [24] [25] [26] Interestingly, expression of M1775R resulted in highly unusual, clustered RPA foci and peculiar juxtaposed promyelocytic leukemia (PML)-nuclear bodies (NBs). 26 PML-NBs are associated with post-translational protein processing such as (de)ubiquitylation, (de)sumoylation, and the (dis)assembly of repair complexes, [28] [29] [30] and these post-translational modifications are critical for efficient DSB repair. 5, 31, 32 In fact, a recent report supports a causal link between PML-NBs and HR. 33 Thus, it is possible that such peculiar PML-NBs seen in cells expressing M1775R represent failed repair centers that are "stuck" late in recombination due to a malfunctioning ubiquitylation process (Fig. 2) . Alternatively, these erroneous recombination intermediates may not affected, 26 in agreement 24 or in disagreement 25 with results from silencing members of the A complex (Fig. 1C) . This surprising finding suggests that BRCA1-directed ubiquitylation is needed after the accumulation of RPA and RAD51 at resected DNA ends. Since the BRCA1 RING and BRCT domains are known to interact functionally, 6 it is possible that the prevention of specific BRCT interactions could redirect the activity of the RING domain. Therefore, the HHR seen with certain BRCT mutants may result from redirected, inappropriate ubiquitylation that is abrogated when both the BRCT and RING domains are inactivated. The underlying cause of this malfunctioning ubiquitylation process is likely linked to the inability of BRCA1 K1702M and M1775R to anchor and presumably direct early DNA resection via CtIP and MRE11/RAD50/NBS1 (MRN), giving nuclease complexes, such as Exo1-BLMDna2, uncontrolled access to DNA ends resulting in excessive resection 27 ( Fig. 2) . Possible involvement of BrCA1 and PML nuclear bodies in the temporal processing of DsBs during homologous recombination. top portion (above the arrow) depicts the spatio-temporal process of normal Hr whereas the bottom (below the arrow) depicts HHr. BrCA1 is likely playing a critical structural role in the temporal 'handing-over' process during Hr in which the N-and C-terminal domains, along with the internal domain, communicate and coordinate the various steps and ensure a timely execution and conclusion of the repair process. the anchoring of BrCA1 to repair centers via phosphorylation, ubiquitinylation and sumoylation, and subsequent processing of these post-translational modifications, drives the DsB repair process from the time ionizing radiation (ir) damage occurs until it is repaired. PML-NBs are believed to be 'factories' for the (dis)assembly of DNA repair proteins such as BrCA1 and rAD51. 28 silencing of the BrCA1 A complex, or the expression of specific BrCA1 BrCt mutants (e.g., K1702M or M1775r), results in extensive DNA resection at the DsB and 'stalled' repair late in the recombination process (with accumulated levels of rPA and rAD51 [24] [25] [26] associated with ssDNA) that seems to occur in close proximity to the PML-NBs. 26 excessive resection might occur because of the inability of BrCA1 BrCt mutants to bind CtiP and recruit MrN in the initial stages of resection thereby allowing other nuclease complexes such as exo1-BLM-Dna2 uncontrolled access to DNA ends. 27 Ub, ubiquitin; Dub, deubiquitinase; , dynamic interactions between the riNG, BrCt, sQ cluster and coiled-coil (CC) domains.
of BRCA1 has yet to be determined, but the crystal structures of the N-terminal RING and C-terminal tandem BRCT domains are available to guide inhibitor development. [46] [47] [48] [49] The BRCA1 RING domain is composed of a Zn 2+ binding region of 8 Cys and His residues that form two separate Zn 2+ binding sites and an adjacent coiledcoil region. 49 This domain is known to interact primarily with BARD1, forming a heterodimer that possesses E3 ubiquitinligase activity (Fig. 3) . Mutations that result in the loss of BRCA1 ubiquitinligase activity, mainly due to the disruption of BARD1 binding, 52 render cells sensitive to ionizing radiation. 43, 53 Until recently, the BRCA1-BARD1 complex was thought to be constitutive. However, it was recently demonstrated that when BRCA1-BARD1 binds to p53 in the nucleus, BARD1 dissociates, leading to the export of BRCA1 to the cytoplasm and concomitant sensitization of cells to DNA damage. 54 Therefore, inhibitors of BRCA1 and BARD1 interaction should lead to radio-and chemo-sensitization. The binding surface between BRCA1 be either underactive or overactive, both of which could lead to genomic instability and cancer. The remainder of this perspective focuses on strategies for targeting BRCA1 itself.
Development of Therapeutic Peptides and Small Molecule Inhibitors Targeting the BRCT and
Other BRCA1 Domains
The radio-and chemo-sensitive phenotype associated with BRCA1 deficiency points to inhibition of BRCA1 as a potential therapeutic strategy. However, most of BRCA1's functions are mediated by protein-protein interactions (PPIs). 3 Historically, achieving PPI inhibition has been challenging due to the fact that the contact surface of PPIs is often little more than a flat, large surface void of suitable binding pockets for small molecules. 44 However, an increased interest in PPIs, and the development of intermediate-sized therapeutic agents capable of binding to large surfaces, has made the inhibition of some PPIs a therapeutically attractive strategy. 45 The complete structure occur in this species. 11, 12 Subtle differences in protein structure related to how certain BRCT mutants function in human and mouse and how ubiquitylation is regulated in these species cannot be ruled out at this point.
These recent findings have direct implications for the design of therapeutic strategies for breast and ovarian cancers. On the one hand, they suggest that mechanistic studies should be performed to see if HHR plays any role in the enhanced sensitivity of BRCA1 BRCT mutant tumors to DNA damaging agents like cisplatin, [35] [36] [37] vosaroxin 38 and PARP inhibitors. [39] [40] [41] [42] Perhaps new therapeutic strategies can be developed to take advantage of the HHR phenotype. Alternatively, these recent reports also provide important insights for developing molecules targeting BRCA1 itself for therapeutics or as research tools. Indeed, the expression of certain BRCA1 BRCT mutants along with RAP80 silencing have been shown to increase the radiosensitivity of cells in culture, [7] [8] [9] 17, 26, 43 which underscores the notion that increased radiosensitivity can result from abnormal DSB repair that can Although the BrCt domain and, to a lesser extent, the riNG domain, have been the focus of inhibitor design, others such as the coiled-coil domain may also be viable targets. the Zn 2+ binding sites of the riNG domain can be non-specifically inhibited by platinum compounds listed here in order of their affinity for the domain. 50 extensive exploration of phosphopeptides that bind to the BrCt domain has resulted in the peptide shown which has a K i of 40 nM. 51 structural representations are of the BrCA1 riNG and BrCt domains co-crystallized with the riNG domain of BArD1 and a BACH1 phosphopeptide, respectively, and were adapted from PDB entry codes 1JM7 49 and 1t29, 46 using the PyMOL Molecular Graphics system (schrödinger, LLC).
www.landesbioscience.com Cell Cyclebinding to the chromatin regulator MRG15 resulted in HHR. 74 This phenotype is similar to the HHR phenotype observed when the BRCA1 A complex is silenced or by the expression of BRCA1 K1702M or M1775R, giving strength to the idea that HHR could also occur by upsetting the binding of proteins to the internal region of BRCA1 and not just via the BRCT domain. To block the interaction of BRCA1 and PALB2, one approach could be the use of hydrocarbon-stapled peptides, which have been shown to disrupt protein-protein interactions involving helical interfaces. 75 In addition, screens to identify new binding partners of the BRCA1 internal region involved in DNA repair may continue to provide more targets, such as the recently discovered interaction with the actin-binding protein Filamin A. 76 From the greater understanding of the large network of DSB repair has arisen a great interest in mutational analysis of patient tumors for tailored therapeutics. This has been beneficial in many cases of breast cancer, but genotyping can be slow and expensive. Improvements in sequencing technologies have lessened this hurdle, but the number of BRCA1 mutations is vast, and their significance is not always readily apparent. 77 Furthermore, DNA sequencing cannot detect epigenetic alterations and other regulatory aberrations, nor can it provide information about what each mutation means in terms of BRCA1 activity. 78 Efforts are being made to develop assays to determine BRCA1 activity closer to the physiological context rather than simply sequencing BRCA1 for mutations. 79, 80 If selective, high-affinity BRCA1 binding peptides are identified, they could perhaps be used to rapidly analyze BRCA1 activity from tumor isolates to more clearly guide therapy. Based on the HHR phenotype, it is possible to detect increased RAD51 and RPA immunoreactivity of human tumor biopsies expressing M1775R. 26 Such diagnosis could lead to more effective treatment by guiding appropriate inhibitor selection for patient tumors. However, the particular BRCT mutation being examined is a critical aspect that should be taken into consideration when developing diagnostics that do not directly target BRCA1.
of phospho-Ser in these peptides limits their usefulness as therapeutic agents. Recently, a high-throughput assay based on fluorescence polarization to identify small molecules that bind to the BRCA1 BRCT domain was developed. 63, 64 An initial screen of the NCI diversity database led to a single hit with an IC 50 of 10 μM. Later, a dual fluorescence screen of 75,000 compounds identified 16 inhibitors with the lowest IC 50 values in the single digit micromolar range. However, some of these compounds have intrinsic fluorescence or act as fluorescence quenchers, suggesting, as the authors acknowledge, that they may be false positives. Results showing the inhibition of BRCA1 function in cells by any of these inhibitors have yet to appear in the literature. Thus, therapeutically useful BRCA1 BRCT inhibitors remain elusive. Perhaps more powerful in vitro selection techniques able to create extremely diverse (10 13 -member) peptide libraries composed of drug-like peptides will be able to overcome this barrier. 65, 66 At present, little is known about the BRCA1 structure outside of its two terminal domains. Much of the internal region of BRCA1 contains evolutionarily conserved sequences, but their function remains to be fully determined. 3 There is, however, the SQ cluster (amino acid residues 1,241-1,530) with a number of S-Q residues phosphorylated by ATM and ATR [67] [68] [69] [70] (Fig. 3) . These regions constitute "non-druggable" BRCA1 targets except indirectly by inhibiting these kinases. Elucidating how the phosphorylation of this internal domain affects the activities of the N-and C-terminal domains is still an underexplored area, yet is critical to the design of BRCA1-based therapeutics targeting this region. In addition, the coiled-coil domain (amino acid residues 1,364-1,437) encompassed by the SQ cluster was shown to interact with PALB2 which, in turn, associates with BRCA2. [71] [72] [73] Phosphorylation of S-Q residues within the SQ cluster was shown not to affect PALB2 binding. 72 However, the disruption of this interaction by cancer patient-derived BRCA1 mutations lead to decreased HR and mitomycin C hypersensitivity, 71 making it an interesting target from a therapeutic standpoint. Interestingly, the disruption of PALB2 and BARD1 is primarily composed of a 4-helical bundle, with two helicies contributed by each protein. The interface is quite large (2,200 Å 2 ) , and presents a formidable challenge for disruption. There is, however, some precedent for disruption of helical bundles. For example, the HIV protein gp41 assembles into a sixhelical bundle that is disrupted effectively with peptides, including the HIV drug Fuzeon. 55 Interestingly, most cancer-predisposing mutations in the BRCA1 RING domain occur not in the interface between BRCA1 and BARD1, but in the Zn 2+ binding sites of the RING domain. 53, 56 Platinum based anticancer drugs have previously been shown to preferentially bind to Zn 2+ finger domains, replacing Zn 2+ and thereby altering the protein tertiary structure. 57 Recently, it was shown in vitro that platinum agents are able to bind to the RING domain and inhibit its E3 ubiquitin-ligase activity by ejecting Zn 2+ . 56 The Zn-ligating residue H117 of BRCA1 was demonstrated to be the primary platinum binding residue. 58 Further work is required to develop specificity for BRCA1 prior to implementing this strategy in living cells.
The BRCA1 tandem BRCT domain is a member of a family of BRCT motifs known to bind phosphorylated proteins involved in DNA repair 14, 15 (Fig. 3) as well as having other functions (reviewed in ref. 59) . Sometimes these domains exist as a single motif, but often they are found in series, as is the case with BRCA1. Mutations in this domain are among the most common BRCA1 mutations in hereditary breast cancer. 46 The BRCT domain has potential for inhibitor development due to its well-defined, relatively small binding cleft known to interact with proteins having pS-X-X-F motifs. 15, 46, 48 Early work using SPOT peptide libraries identified the preferred binding sequence as phospho-Ser-aromatic β-branched/ aromatic-Phe and confirmed that the phospho-Ser and Phe are the primary requirements for binding. 14, 15, 60 The highest affinity peptide from this screen had an affinity of 162 nM. Further optimization by Natarajan and coworkers has led to a tetrapeptide with a 40 nM binding affinity 51, 61, 62 (Fig. 3) . However, the presence 
Conclusions
In this perspective, we have reviewed recent findings of BRCA1-associated HHR and how these new insights might guide the development of research tools and therapeutic BRCA1 inhibitors for cancer. The centrality of BRCA1 in the network of DSB repair is evident in the sensitization of cells to DNA damaging agents upon loss of function at any one of its currently characterized domains. Thus, to inhibit BRCA1, one could focus on several potential regions of the protein, including the RING and BRCT domains as well as the PALB2 binding domain and the SQ cluster. However, the BRCT domain might represent the most attractive known target because it would lead to simultaneous inhibition of multiple PPIs critical for proper DSB repair. While the goal of BRCA1 inhibition would be to sensitize cancer cells to DNA damaging agents, recent findings suggest the possibility that BRCT inhibitors might actually stimulate aberrant DSB repair through disruption of the BRCA1-A complex. Specific disruption of any of the BRCA1-A, -B or -C complexes seems challenging, as all three complexes bind in the same pocket of the BRCT domain. Thus, while BRCT inhibitors could possibly radiosensitize non-BRCT mutant cancer cells by promoting excessive and aberrant HHR, resulting in increased genomic instability, these effects would likely also be deleterious to normal cells. Therefore, the delivery and targeting of BRCA1-specific therapeutic inhibitors to cancer cells is as critical as their design. A case can also be made that BRCA1-mediated ubiquitylation might be a better target in BRCT mutant breast cancer cells to offset the possible deleterious effects associated with HHR, since BRCA1 ubiquitylation activity dominated over the effects of disrupting BRCT binding. 26 Since HR plays a key role in the response of cancer cells to DNA damaging agents, further investigation of HHR is critical to the understanding of breast and ovarian cancers and for developing treatment strategies. Although selective inhibition of PPIs remains a challenge, exploiting BRCA1 for the development of research tools and cancer therapeutics remains promising.
